Although thymic involution has been linked to the increased testosterone in males after puberty, its detailed mechanism and clinical application related to T-cell reconstitution in bone marrow transplantation (BMT) remain unclear. By performing studies with reciprocal BMT and cell-specific androgen receptor (AR) knockout mice, we found that AR in thymic epithelial cells, but not thymocytes or fibroblasts, played a more critical role to determine thymic cellularity. Further dissecting the mechanism using cell-specific thymic epithelial cell-AR knockout mice bearing T-cell receptor transgene revealed that elevating thymocyte survival was due to the enhancement of positive selection resulting in increased positively selected T-cells in both male and female mice. Targeting AR, instead of androgens, either via genetic knockout of thymic epithelial AR or using an AR-degradation enhancer (ASC-J9®), led to increased BMT grafting efficacy, which may provide a new therapeutic approach to boost T-cell reconstitution in the future. (Molecular Endocrinology 27: 25-37, 2013)
T
hymic atrophy is associated with aging and accompanied by decreased thymic cellularity, disrupted thymic architecture, and diminished emigrating naïve T-cells into peripheral pools (1, 2) . The reduction of exported T-cells from thymus sequentially causes the expansion of existing memory T-cells (3) , limits the diversity of T-cell receptor (TCR) repertoire (4) , and dampens the immune response when encountering new foreign antigens.
The interactions between thymocytes and lymphostromal cells in thymus are critical to maintain functional T-cells exportation (5) . Cortical thymic epithelial cells (cTECs) play crucial roles to mediate positive selection by physical engagement of TCR in thymocytes with major histocompatibility complex (MHC)-self-peptides complexes (6) . After positive selection, CD4 ϩ CD8 ϩ double positive (DP) thymocytes encounter other thymic stromal cells (TSCs) such as macrophages, dendritic cells, and medullary TECs (mTECs) in the medulla for negative selection to eliminate auto-reactive thymocytes (7) . To determine the target cells of androgen/androgen receptor (AR) effects on thymopoiesis, the expression of AR in thymocytes and TSCs has been extensively analyzed (8) . Although some early ligand-binding studies indicated that thymocytes had no AR expression (9) , later studies have shown AR protein detection in thymocytes by flow cytometry, immunoblotting in mice, and ligand-binding assays in humans (10, 11) . AR expression in thymic stroma was also substantially characterized in the early studies and demonstrated that AR was predominantly expressed in TECs by histochemi-
Flow cytometry
Bone marrow cells, thymocytes, and splenocytes were washed in fluorescence-activated cell sorting (FACS) buffer (PBS ϩ 1% heat-inactivated fetal bovine serum and 0.1% sodium azide) and 1-3 ϫ 10 6 cells were incubated with primary antibodies at 4 C for 30 min, and then washed twice with FACS buffer. If necessary, cells were incubated with Streptavidin-conjugated fluorochrome for another 30 min at 4 C. The stained cells were resuspended in FACS buffer and analyzed by FACS CantoII Flow Cytometry (Becton Dickinson and Co., Franklin Lakes, NJ ). The data analysis was conducted by using FlowJo V7.5.5 (Tree Star, Inc., Ashland, OR). For the BrdU incorporation assay, mice were IP injected four times with 10 mg/kg BrdU at 6-h intervals. The final injection was finished 1 h before animals were killed. The isolated thymocytes were stained with surface markers first and then fixed with 2% paraformaldehyde. The BrdU staining protocol was according to manufacturer's instructions (Becton Dickinson). For thymocytes apoptosis assays, freshly isolated thymocytes were stained with Annexin-V and 7-AAD (eBioscience) and analyzed by FACS.
Histological and immunohistochemical analysis
Freshly dissected thymi were immediately immersed in 10% neutral formalin for overnight incubation. The tissues were paraffin embedded, sectioned (5 m), and stained by hematoxylin and eosin. For the AR expression determination, anti-AR antibody (C-19, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was incubated at 4 C overnight and then labeled with appropriate secondary antibody, ABC kit (Vector Laboratories), and diaminobenzidene substrate detection were used. For double immunofluorescent staining, the thymus sections were colabeled with antibodies against pan-CK (PCK26, Sigma-Aldrich, St. Louis, MO) and AR (C19) at 4 C overnight. The binding of the antibody was detected by Alexa Fluor 488 goat antirabbit IgG or 594 goat antimouse IgG (Molecular Probes, Inc., Eugene, OR). The images were acquired using an E800 microscope (Nikon, Melville, NY) and a SPOT camera (Diagnostic Instruments, Arnold, MD).
Thymus stromal cells isolation and phenotypic characterization
This procedure was modified slightly from the previously published protocol (16) . Each thymus was washed with PBS three times and cleaned of fat and connective tissue. The thymus was then minced into approximately 1-mm 3 pieces with fine scissors, resuspended in 10% fetal bovine serum (FBS) RPMI 1640 medium with agitation for 5 min several times after which the pellet was allowed to settle. The supernatants were removed for collection. Thymic pellets were then incubated with 0.125% (wt/vol) Collagenase D and 0.1% (wt/vol) deoxyribonuclease I (Roche, Indianapolis, IN) in 10% FBS RPMI 1640 medium at 37 C for 10 min with gentle agitation. After each digestion, the supernatant was collected and digestion was repeated another three times. The remaining aggregates were incubated with 0.125% (wt/vol) Collagenase/Dispase (Roche) and 0.1% (wt/ vol) deoxyribonuclease I in RPMI 1640 medium for another 10 min. The remaining thymic aggregates were retriturated by 1 ml blue tip to segregate macroscopic fragments several times. Cells from all supernatant fractions were then centrifuged at 450 ϫ g for 5 min, pooled, and resuspended in cold FACS buffer. Cells were filtered through a 70-m strainer and counted. For phenotypic characterization of thymic stromal cells, 1-2 ϫ 10 6 cells were stained with appropriate primary fluorochrome-conjugated antibodies.
two doses of 5 Gy total body irradiation (4 h apart) from a Cesium source 24 h before BMT. This dose effectively destroys the hematopoietic cells of recipient mice. Donor BM cells were removed aseptically from femurs and tibias of F1 (CD45.1 ϩ CD45.2 Ϫ ) progeny mice from B6.SJL-Ptprca Pep3b/ BoyJ (CD45.1 ϩ , The Jackson Laboratory) and FVB (CD45.1 ϩ ). Donor BM cells were depleted of T-cells by incubation with anti-Thy 1.2 (30-H-12, Becton Dickinson) for 40 min at 4 C and subsequently incubated with Low-TOX-M rabbit complement (Cedarlane Laboratories, Burlington, Ontario, Canada) for 60 min at 37 C. BM cells were resuspended in 2% FBS RPMI medium and transplanted into the recipient mice by iv injection (17) . For the cell proliferation assay, 4 ϫ 10 5 splenocytes isolated from reconstituted recipients 6 wk after BMT were plated into 96-well plates, which were precoated with plate-bound anti-CD3e and CD28 antibody (eBioscience, San Diego, CA). After 2 d culture, 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma-Aldrich) was added to the wells 3 h before harvest and then subjected to OD measurement by ELISA. For the intracellular IFN-␥ detection, 1-2 ϫ 10 6 splenocytes isolated from reconstituted recipients 6 wk after BMT were stimulated with 50 ng/ml phorbol-12-myristate 13-acetate and 1 M ionomycin in the presence of 10 g/ml Brefeldin A for 4 h. After incubation, surface markers of CD45.1, CD45.2, and CD8 were stained and fixed by paraformaldehyde. The cells were permeabilized by Cytofix/Cytoperm kit (BD Bioscience, Palo Alto, CA) and stained with anti-IFN-␥ antibody (Ab) (eBioscience). Flow cytometer and software were used as described above.
Statistics
The data are presented as mean Ϯ SEM and the two-tailed Student's t test or one-way ANOVA were used for the parametric analyses. The following P values were considered as statistically significant: *, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.001.
Results

Enlarged thymus with increased thymic cellularity in mice lacking whole-body AR
To unravel the AR functions in thymus development, we established a mouse model that lacks AR expression in the whole-body (G-AR Ϫ/y ) (13) . Evidence from thymus genotyping together with AR mRNA and protein detection confirmed AR disruption in this male G-AR Ϫ/y mouse (Supplemental Fig. 1 , A-C, published on The Endocrine Society's Journals Online web site at http://mend.endojournals.org). For the phenotypic characterization, we found the thymus was significantly enlarged in G-AR Ϫ/y mice compared with wild-type (WT) littermates (AR ϩ/y ) at the age of 8 -12 wk (Fig. 1A) . The enlarged thymus was correlated with increased thymic cellularity in G-AR Ϫ/y mice (Fig. 1B) . To determine the thymocyte differentiation after loss of AR, we analyzed the
and CD4 ϩ or CD8 ϩ (single positive, SP) populations by flow cytometry. We found that the populations of DN, DP, and SP were similar in both genotypes of mice (Fig. 1C) . In addition, using surface markers of CD44 and CD25 to define the subpopulations of DN: CD44
Ϫ (DN4) in both genotypes of mice, the results also showed no noticeable differences (Fig. 1D) . As expected, we found the cellularity of thymocyte subsets was proportionally increased in G-AR Ϫ/y mice as compared with WT control (Fig. 1, E (Fig. 1F) . Our findings from G-AR Ϫ/y mice also confirmed the previous reports using castration (18) or naturally occurring AR mutant testicularfeminized (Tfm) mice (8) showing similar results. We have previously shown that serum testosterone levels were dramatically reduced in male G-AR Ϫ/y mice (13) and some studies also suggested that androgens can function in non-AR-dependent pathways to alter intracellular signaling for cell behavior changes (19) . We therefore asked whether the enlarged thymus in G-AR Ϫ/y mice was due to the decreased androgens or deficiency of AR. By using castration and dihydrotestosterone (DHT) pellet replacement approaches, we failed to see the reversed phenotype of enlarged thymus in G-AR Ϫ/y mice when supplemented with DHT (Fig. 1G ). This result suggested that AR-dependent pathways are more critical, whereas AR-independent pathways are dispensable in mediating this phenotype. Together, results from Fig. 1 , A-G, suggested that knockout of AR in the whole body results in thymus enlargement and increased thymic cellularity. Importantly, the AR-dependent regulations are more critical than AR-independent pathways to control thymus development.
Lacking AR in non-bone marrow-derived stromal cells is responsible for thymus enlargement
The thymic stromal cells are comprised of BM-derived and thymus residential cells. BM-derived stromal cells such as macrophages and dendritic cells are more sensitive to ␥-irradiation (20) , yet thymus residential cells such as cTECs, mTECs, fibroblasts, and endothelial cells are more resistant (21) . To dissect AR functions in specific cellular compartments, we performed reciprocal BMT between AR ϩ/y and G-AR Ϫ/y mice by transplanting BM cells reciprocally into ␥-irradiated G-AR Ϫ/y and AR ϩ/y recipients. By comparing the reconstituted thymus from BM chimera mice, we found that BM cells transplanted from either AR ϩ/y or G-AR Ϫ/y mice into the irradiated G-AR Ϫ/y recipients resulted in enlarged thymus compared with thymus of AR ϩ/y mice receiving the same BMT ( Fig. 2A) .
FIG. 1.
Loss of universal AR in male G-AR Ϫ/y mice leads to enlarged thymus and increased thymocyte cellularity. A, Enlarged thymus was observed in male G-AR Ϫ/y mice at 8 -12 wk of age. The representative photograph is shown from 8 -10 mice per group. B, Total thymocyte numbers were increased in G-AR Ϫ/y mice compared with AR ϩ/y littermate control mice. C, The populations of CD4 ϩ , CD8 ϩ , DP, and DN thymocytes did not change in G-AR Ϫ/y mice. Expression of CD4 and CD8 from AR ϩ/y and G-AR Ϫ/y mouse thymocytes were characterized by flow cytometry. The numbers in the corners of each quadrant represent the percentage of cells. D, Immature subsets of thymocyte population defined by CD25 and CD44 did not alter in G-AR Ϫ/y mice. E, Cellularity of DN, DP, CD4 ϩ SP, and CD8 ϩ SP was elevated in G-AR Ϫ/y mice. F, Cell numbers of TN (CD3 Ϫ CD4 Ϫ CD8 Ϫ ) subsets were counted and showed an increase in G-AR Ϫ/y mice. The TN populations were gated from Thy1.2 ϩ . The data of Fig. 1 , B-F were shown from four independent experiments with 8 -10 mice per group, and each bar represents the mean Ϯ SEM. *, P Ͻ 0.05; **, P Ͻ 0.01 compared with AR ϩ/y mice. G, AR ϩ/y male mice were subjected to sham or surgical castration to remove systemic androgens. The DHT pellets or placebo was implanted into castrated AR ϩ/y mice and G-AR Ϫ/y mice. The thymus from each group was harvested, and thymocyte numbers were determined after 2 wk of DHT pellet implantation (n ϭ 6 -8; *, P Ͻ 0.05).
In contrast, AR
ϩ/y or G-AR Ϫ/y BM cells transplanted into AR ϩ/y recipient mice consistently showed no enlargement in thymus ( Fig. 2A ). This conclusion is consistent with the previous report using similar reciprocal BMT approaches between WT and Tfm (AR Ϫ/y ) mice (8) . Collectively, results obtained from reciprocal BMT demonstrated that AR in the thymus residential stromal cells, but not the hematopoietic derived cells, plays more critical roles to determine T-cell repopulation.
Specific disruption of AR in thymic epithelium leads to thymus enlargement
To further delineate which stromal cells play more dominant roles in thymus development, we applied the cre/loxP system to generate cell-specific ARKO mice, including T-cell-specific ARKO (T-AR Ϫ/y , cre was driven by proximal lymphocyte-specific protein tyrosine kinase, lck promoter) (22) , thymic epithelial cell-specific ARKO (TEC-AR Ϫ/y , cre was driven by bovine cytokeratin 5 promoter) (14) , and fibroblast-specific ARKO (fsp-AR Ϫ/y , cre was driven by fsp1 promoter) (15) mice have been documented in our previous reports (17, 24) . By comparing these three specific ARKO mice and their WT littermate controls, we found that increased thymocyte numbers only appeared in TEC-AR Ϫ/y mice (Fig. 2B) , indicating that loss of thymic epithelial AR is critical to mediate thymus enlargement. This observation is consistent with the previous report (8) showing that ARs in TECs, but not in the thymocytes, are more important to mediate the thymocyte development. We then determined thymocyte differentiation in these three specific ARKO mice and found the subpopulations were comparable (data not shown). The cellularity of thymocyte subsets were proportionally increased in the TEC-AR Ϫ/y mice compared with AR ϩ/y mice (Supplemental Fig. 2 , A and B). Furthermore, the enhanced positive selection was evidenced by showing elevation of DP CD69 hi population in TEC-AR Ϫ/y mice compared with AR ϩ/y controls (Supplemental Fig. 2, A and B) . Thus, the proliferative potentials of splenic T-lymphocytes did not change substantially after plate-bound anti-CD3e/CD28 stimulation in both genotypes of mice (Supplemental Fig. 2D ).
To explore the potential mechanisms resulting in thymus enlargement, we used BrdU incorporation assay to measure proliferative thymocytes and found BrdU ϩ DP thymocytes were comparable in these ARKO mice and their AR ϩ/y littermate controls (Fig. 2C) . However, we did observe less apoptotic thymocytes in the G-AR Ϫ/y and TEC-AR Ϫ/y mice (not in T-AR Ϫ/y and fsp-AR Ϫ/y mice) compared with their AR ϩ/y controls (Fig. 2D) .
Together, results from these cell specific ARKO mice indicated that loss of AR in TECs leads to thymus enlargement and increased thymocyte cellularity. The reduction of apoptotic cells (increasing cell survival) may contribute to the increased cellularity in G-AR Ϫ/y and TEC-AR Ϫ/y mice.
Deletion of AR in cTECs increases thymocyte survival through enhancing positive selection in the AND-TCR system
Because TECs have been known to play important roles for the positive/negative selection processes (6), we studied whether AR in TECs could modulate positive and/or negative selection processes. We first bred cytokeratin 5 (K5) cre mice with Rosa26R-LacZ reporter mice to determine cre expression. It has been documented that bipotent thymic epithelial progenitor cells can differentiate from K5 ϩ /K8 ϩ progenitors to K5 Ϫ /K8 ϩ cTECs and K5 ϩ /K8 Ϫ mTECs (25) . By using ␤-gal staining, we were able to detect cre expression in both cTECs and mTECs (Supplemental Fig. 3, upper panel arrows) , which was further confirmed by using anti-␤-gal IHC staining (Supplemental Fig. 3, lower panel arrows) . By crossing K5 cre mice with floxed AR mice, we can simultaneously ablate AR in cTECs and mTECs, which provide a proper in vivo mouse model to manifest thymic epithelial AR functions.
To study the AR role in TECs during positive selection process, we generated male AR ϩ/y and TEC-AR Ϫ/y mice bearing AND-TCR tg (expressed TCR V ␣ 11/V ␤ 3 specific for a carboxy-terminal fragment of pigeon cytochrome c) expressed exclusively in CD4 ϩ T-cells in the context of I-A b . Evidences of establishing these compound TCR tg mice are shown (Supplemental Fig. 4A ). We found the cellularity of total thymocytes, CD4
ϩ thymocytes, and CD4 ϩ splenic T-cells was increased in TEC-AR Ϫ/y mice (Fig. 3A) as well as in the population of positively-selected CD4 ϩ cells (Fig. 3B ).
During the positive selection process, up-regulation of surface TCR precedes the step in which DP thymocytes will differentiate into SP. DP thymocytes also up-regulate the expression of early activation antigen CD69 during positive selection (26) . As expected, the populations of CD69 hi DP thymocytes were higher in TEC-AR Ϫ/y mice (AR ϩ/y 5.9% vs. TEC-AR Ϫ/y 11.6%), suggesting that more active positive selection occurred in male TEC-AR Ϫ/y mice (Fig. 3C) . Furthermore, the similar results were observed in spleen, in which elevation of CD4 ϩ population was displayed in the TEC-AR Ϫ/y mice (Fig. 3D) .
Interestingly, we also examined the proliferation potential of positively-selected CD4ϩ T-cells from AR (Fig. 3E) as well as the T3.70 ϩ CD8 ϩ population (Fig. 3F) . The similar results were consistently observed in the T3.70 ϩ gated CD8 ϩ splenocytes (Figs. 3, E and G) .
Taken together, we used male mice (AND-TCR system) and female mice (HY-TCR system) to demonstrate that AR in cTECs could suppress positive selection in these two TCR tg mouse models. The elevation of positively selected thymocytes may account for the increased thymocyte survival, leading to increased thymic cellularity.
Inactivation of AR in mTECs does not alter negative selection in the HY-TCR system
As described, a majority of thymocytes in HY-TCR male mice will be negatively selected in the context of H-2-D-b. We subsequently generated male AR ϩ/y and TEC-AR Ϫ/y mice bearing HY-TCR tg for negative selection study as evidenced in Supplemental Fig. 4C . The cellularity of T3.70 ϩ thymocytes and T3.70 ϩ CD8 ϩ thymocytes showed comparable amounts in both genotypes of mice (Supplemental Fig. 5A ). Furthermore, the population of T3.70 ϩ DP and CD8 ϩ thymocytes also showed no evident difference in both genotypes of mice (Supplemental Fig. 5B ). In the spleen, we consistently observed similar results (Supplemental Fig. 5 , A and C).
Mice lacking thymic epithelial AR have increased epithelial cellularity and proliferative potential Next, we wanted to explore whether AR was involved in the growth and differentiation of TECs. First, thymi from AR ϩ/y and TEC-AR Ϫ/y mice were subjected to TSCs isolation and we found nonhematopoietic CD45 Ϫ TSCs constituted about 1.5% of total thymic cells in AR ϩ/y (Fig. 4, A and B) and
FIG. 3.
Lack of AR in cTECs promotes thymocytes survival through alteration of positive selection. The male mice used in Fig. 3 , A-D, contained AND-TCR tg, and the female mice in Fig. 3 , E-G, carried HY-TCR tg. All these mice are of the Rag2 null background. A, Increased positively selected CD4 ϩ T-cells in TEC-AR Ϫ/y mice. 10 -12 wk of age male AR ϩ/y and TEC-AR Ϫ/y mice were killed and thymocytes/splenocytes collected for characterization. The total numbers of thymocytes, CD4 ϩ thymocytes, splenocytes, and CD4 ϩ T-cells were graphed. B, Thymocytes were stained with anti-CD4 and CD8 Abs for flow cytometric analysis. The numbers indicate the percentage of cells in each quadrant. C (upper panels), The representative histogram was gated from DP populations and the expression of CD69 hi was analyzed. The quantification data are provided in the lower panel. D, Splenocytes were stained with anti-CD4 and CD8 Abs for flow cytometric analysis. E, Female TEC-AR Ϫ/ϩ and TEC-AR Ϫ/Ϫ mice 10 -12 wk of age were killed, and thymocytes/splenocytes were harvested for characterization. The cell numbers of clonotypic T3.70 gated thymocytes, CD8 ϩ thymocytes, splenocytes, and CD8 ϩ T-cells were counted. F, Thymocytes were stained with anti-T3.70, CD4, and CD8 Abs for flow cytometric analysis. The mice without HY-TCR tg served as negative control. The lower plots were shown from T3.70 gated population, and the numbers indicate the percentage of cells in each quadrant. G, Splenocytes were stained with anti-T3.70, CD4, and CD8 Abs for flow cytometric analysis. The lower plots were shown from T3.70 gated population. The representative and quantitative data collected from Fig. 3 were from three independent experiments with 6 to 8 mice per group. (*, P Ͻ 0.05; **, P Ͻ 0.01 compared with male AR ϩ/y control mice or female TEC-AR Ϫ/ϩ mice).
TEC-AR
Ϫ/y mice (data not shown). (Fig. 4D) . Furthermore, we found the cellularity of TEC subsets was proportionally increased in the TEC-AR Ϫ/y mice (Fig. 4E ) concurrent with higher proliferative potential of TECs in TEC-AR Ϫ/y mice (AR ϩ/y vs. TEC-AR Ϫ/y , 2.2 to 4.3% in TECs, 1.9 to 3.2% in cTECs, and 7.1 to 14.2% in mTECs) (Fig. 4, F and G) . Mechanistically, we used primary culture of TSCs to characterize the ARregulated genes and confirmed by using flow cytometry to detect EpCAM expression (Supplemental Fig. 6, A and  B) . The potential AR-regulated gene screening used quantitative PCR, and the results showed that costimulatory molecules (CD40, CD80, and CD86) and thymopoiesis-suppressive cytokines (TGF-␤1and IL-6) were decreased in TEC-AR Ϫ/y TECs. In contrast, the potent thymopoietic cytokine IL-7 and T precursor cells recruitment chemokine CCL21 were increased in TEC-AR Ϫ/y TECs (Supplemental Fig.   6C ). Notably, a previous report has documented that CD28KO or B7 (CD80/CD86) double KO mice constituently showed increased selection of mature CD4 and CD8 SP T-cells, Fig. 4 were from three independent experiments with 6 to 8 mice per group (*, P Ͻ 0.05; **, P Ͻ 0.01 compared with AR ϩ/y littermate control mice).
indicating that CD28-B7 engagement plays a negative regulatory role for positive selection (28) . Interestingly, we also found that CD80 was positively regulated by AR in TE71.1 murine TECs (Supplemental Fig. 7 , A-D), suggesting that AR in TECs may control the positive selection process via CD80 regulation. The underlying mechanism governing the CD80 expression by which AR may go through the direct promoter binding was demonstrated using the promoter luciferase assay (Supplemental Fig. 7 , E and F). The results showed that the potential AREI (Ϫ1350 to Ϫ1336) but not the AREII (Ϫ203 to Ϫ189) could be the AR binding site to mediate AR effects on the CD80 expression (Supplemental Fig. 7F ). To further confirm the AR binding site located at AREI of CD80 promoter regions, we conducted the AR chromatin immunoprecipitation assay (Supplemental Fig. 7G ). Other altered growth factors/cytokines/chemokines (Supplemental Fig.  6C ) in the thymic selection functions are still unresolved at this point.
To clarify whether the increased epithelial cell proliferation in TEC-AR Ϫ/y mice is due to the intrinsic effects of AR loss or needs the support from positively selected thymocytes, we used AR small interfering RNA (siRNA) to knock down AR in TE71.1 and examined the cell growth by MTT assay. We demonstrated that silencing of AR in TE71.1 did not alter the cell growth (Supplemental Fig.  8A ) and confirmed with BrdU incorporation assay (Supplemental Fig. 8B ). For the in vivo evidence, we dissected the thymi from AR ϩ/y /Rag2 KO and TEC-AR Ϫ/y /Rag2 KO male mice and stained with proliferation marker proliferating cell nuclear antigen. The results consistently showed there is no evident difference of epithelial proliferating cell nuclear antigen staining in both genotypes of mice (Supplemental Fig. 8C ). This conclusion was further supported by the previous report indicating that positively selected thymocytes were able to regulate thymic epithelial cells via RANK-RANKL and CD40 signaling (29) . Together, results from Fig. 4 and Supplemental Figs. 6 -8 showed that TECs did not undergo extensive compositional changes of subpopulations in TEC-AR Ϫ/y mice. Instead, we found the cellularity of three subsets of TECs was proportionally increased in TEC-AR Ϫ/y mice.
Conversely, thymic epithelial AR may utilize multiple mechanisms such as regulation of costimulatory molecules, such as CD80 and thymopoietic related cytokines/ chemokines, to keep thymic cellularity under control. The increased cellularity of thymic epithelial cells after AR deletion appears to rely on the thymocytes' support.
Ablation of AR in TECs enhances BMT grafting efficacy
Previously described findings led us to believe that suppression of AR expression in TECs by genetic knockout in recipients may be beneficial to increase grafting efficacy, especially T-cell reconstitution. To mimic human autologous BMT, we performed BMT between two congenic mice, FVB/C57BL/6 (CD45.1 which differ only at one CD45.2 gene allele. To prove this supposition, we first conducted congenic BMT on lethally ␥-irradiated recipient AR ϩ/y and TEC-AR Ϫ/y mice. After BMT, we harvested the BM, thymocytes, and splenocytes from recipients and found donor-derived thymocyte (3 and 6 wk after BMT) and splenocyte numbers (6 wk after BMT) were substantially increased in TEC-AR Ϫ/y recipients (Fig. 5A ). The better transplantation efficacy was also demonstrated by detecting increased amounts of donor-derived DP, CD4 ϩ thymocytes (3 wk after BMT) and DP, CD4 ϩ , and CD8 ϩ thymocytes (6 wk after BMT) (Fig.   5B ). Similar results were also seen in donor-derived splenic CD4 ϩ and CD8 ϩ T-cells in TEC-AR Ϫ/y recipients 6 wk after BMT (Fig. 5C ).
To further assess the function of repopulated peripheral T-cells 6 wk after BMT (donor-derived cell populations are more than 80% of total splenic cells; data not shown), the proliferative potential of splenic T-cells was determined using anti-CD3e/CD28 Abs cross-linking stimulation, and followed with MTT cell growth assay. We found the T-cell proliferation isolated from these two BM chimera mice showed no significant difference (Fig. 5D) .
Together, results from Fig. 5 , A-D, clearly demonstrated that targeting thymic epithelial AR, using TEC-AR Ϫ/y mice as recipients, created a better transplantation efficacy as evidenced by earlier T-cells reconstitution after congenic grafting.
Targeting AR via ASC-J9® leads to the acceleration of T-cell reconstitution after BMT
To validate the potentials of targeting thymic epithelial AR to increase grafting efficacy in the clinical application, a strategy that could mimic genetic knockout of thymic epithelial AR, with minimal side-effects, is required. So far, two potential approaches that could target AR are AR-siRNA (30, 31) or the chemical compound ASC-J9® (12, 17, 31) . The technology using siRNA has been known to show difficulty of in vivo delivery and toxicity (30) , whereas ASC-J9® has been shown to exert in vivo receptor degradation activity (12, 17, 31) ; therefore, we decided to use ASC-J9® here to test its potentials in improving BMT efficacy.
First, we treated male C57BL/6 (B6) mice with ASC-J9® via daily ip injections at 50 mg/kg and found 2 wk of ASC-J9® treatment substantially increased the cellularity of thymocytes and splenocytes (Fig. 6A) . The relative cell populations in thymus and spleen were similar in mice either receiving vehicle-DMSO or ASC-J9® (Supplemental Fig. 9, A-D) . To confirm AR degradation in the ASC-J9®-treated group, we harvested the thymus after treatment and performed AR IHC and pan-CK/AR double immunofluorescent (IF) staining. As expected, AR expression in TECs was significantly reduced in mice receiving ASC-J9® (Fig. 6B, arrows) .
To test whether degradation of AR protein by ASC-J9® could enhance BMT grafting efficacy, we treated recipients (FVB/C57BL/6, CD45.1 ϩ CD45.2 ϩ ) with ASC-J9® for 2 wk before congenic BMT (donor: FVB/C57BL/ 6.SJL, CD45.1 ϩ CD45.2 Ϫ ). After treatment, mice were subjected to ␥-irradiation and BMT was performed within 24 h (mice did not continue to receive ASC-J9® treatment during reconstitution). We then harvested the BM, thymocytes, and splenocytes for characterization and found donor-derived BM cells and thymocytes were increased in ASC-J9®-treated group at 3 wk after BMT (Fig. 6C) . The increased amounts of donor-derived thymocytes and splencoytes were also observed in ASC-J9®-treated recipients 6 wk after grafting (Fig. 6C) . Consistently, DP and SP thymocyte numbers in ASC-J9®-treated recipients also showed a significant increase at 3 wk and 6 wk after BMT (Fig. 6D) . The increased cellularity of donor-derived splenic T-and B-cells was also observed 6 wk after BMT (Fig. 6E ), indicating that pretreatment with ASC-J9® in recipients can boost the BMT grafting efficacy.
To assess the functional activity of peripheral T-cells in recipients receiving ASC-J9® treatment before congenic BMT, we tested the proliferative ability of splenic T-cells 6 wk after BMT and ASC-J9® treatment did not affect the cell proliferation (Fig. 6F ). This result was further supported by measuring IFN-␥ production (Fig. 6G) .
Collectively, pretreatment with ASC-J9® in recipients before BMT leads to enhanced T-cell reconstitution with little impact on T-cell functions, most likely through predominant degradation of AR in TECs similar to the observation in which recipients are from G-AR Ϫ/y or TEC-AR Ϫ/y mice.
Discussion
Here, we demonstrated that AR in TECs is critical to determine thymic cellularity through multiple mechanisms such as modulation of positive selection, thymopoiesis-related cytokines/chemokines, and costimulatory molecules. Early studies (32) (33) (34) indicated that growth factors/cytokines related to thymopoiesis such as TGF-␤, IL-6, IL-7, and chemokines CCL21/CCL25 might contribute to this process. For example, TGF-␤ was suggested to use suppressive effects either directly and/or indirectly to up-regulate cytokines, such as IL-6 and leukemia inhibitory factor, to impede thymopoiesis (35) . Consistently, we found that the expressions of TGF-␤1 and IL-6 donor-derived TCD BM cells were transferred into recipient mice. After 3 and 6 wk of BMT, the cellularity of BM, thymus, and spleen was determined. B, Donor-derived thymic cellularity was determined by using congenic (anti-CD45.1 and CD45.2) and T-cell markers (CD4 and CD8). The donorderived DP thymocytes (CD45.
ϩ ) were characterized after 3 and 6 wk of BMT. C, Donor-derived splenic cellularity was determined from donor-derived CD4 ϩ T-cells, CD8
ϩ T-cells, and B-cells (B220 ϩ ) after 3 and 6 wk of BMT. D, Splenocytes were harvested from BM chimera mice either from AR ϩ/y or TEC-AR Ϫ/y at 6 wk after BMT and stimulated with 0.5 or 1 g/ml of plate-bound anti-CD3e and CD28 Abs for 2 d. The cell proliferation was analyzed using MTT assay. All data collected from Fig. 5 represent mean Ϯ SEM from four independent experiments with 8 -10 mice per group (*, P Ͻ 0.05; **, P Ͻ 0.01; NS, no significance compared with AR ϩ/y recipients, P Ͼ 0.05).
were decreased in the TEC-AR Ϫ/y TECs (Supplemental Fig. 6C ). Furthermore, we found IL-7 and CCL21 expressions were increased in TEC-AR Ϫ/y mice (Supplemental Fig. 6C ), which are in agreement with early reports showing their effects to promote thymopoiesis (32) . Collectively, these results suggested that increased thymic cellularity and outputs in TEC-AR Ϫ/y mice may be due to the consequence of increased positively selected T-cells together with the above possible mechanisms.
In this present study, we used male HY-TCR tg mouse system to study negative selection and indicated that deletion of thymic epithelial AR did not perturb negative selection in this unique model. Although male HY-TCR tg mice have been known to exhibit the early deletion of thymocytes in DN or early DP stage, alternative more physiological mouse models such as superantigen-mediated deletion of V␤ subsets or other available TCR tg systems, such as P14, AND-TCR in H2s background, or CD4ϩ HY-TCR, are also applicable to cross with ARKO mice in the future (36, 37) . However, our data (Supplemental Fig. 10, A-D ) were then transferred into recipients and harvested 3 and 6 wk after BMT. D, Donor-derived thymic cellularity was determined from BM chimera mice at 3 and 6 wk after BMT using congenic and T-cell marker immunostaining. The donor-derived DP, CD4
ϩ SP, and CD8 ϩ SP thymocytes were characterized. E, Three and 6 wk after BMT, splenic cellularity was determined from donor-derived CD4 ϩ T-cells, CD8
ϩ T-cells, and B220 ϩ B-cells. F, Splenocytes were harvested from BM chimera mice (recipients received either vehicle-DMSO or ASC-J9® before BMT) at 6 wk after BMT and stimulated with plate-bound anti-CD3e and CD28 Abs (0.5 and 1 g/ml) for 2 d. The cell proliferation was analyzed by MTT assay. G, The intracellular IFN-␥ expression from donor-derived splenic CD8 ϩ T-cells at 6 wk after BMT was determined by using congenic markers CD45.1, CD45.2, CD8, and IFN-␥ immunostaining. Six weeks after BMT, donor-derived splenic T-cells were stimulated with phorbol-12-myristate 13-acetate (PMA) and ionomycin in the presence of brefeldin (10 ug/ml) for 4 h for flow cytometric analysis. Representative plots were gated from CD45.1 Androgen deprivation therapy via reduction or prevention of androgens binding to AR, instead of targeting AR directly, has been used as the standard treatment for prostate cancer since its discovery by Huggins and Hodges (40) . However, systemic suppression of circulating androgens not only failed to cure prostate cancer, but also yield many unpleasant side-effects such as impotence, loss of libido, osteoporosis, and fatigue (41) . Based on the above concerns, although androgen deprivation therapy (surgical or chemical castration, LHRH agonist) has been shown to increase BMT efficacy (42) , its similar side effects and largely unknown mechanisms may impede its further application. The major difference between this report and previous findings is that we clearly proved here that it is AR, not androgens, that play a more critical role in determining thymic cellularity as evidenced using castration and DHT restoration to conclude that AR-dependent signaling is more critical (Fig. 1G ). This conclusion was further strengthened by the characterization of male TEC-AR Ϫ/y mice showing thymus enlargement with normal serum testosterone and female mice (in HY-TCR system) with almost nondetectable androgens, but still expressed AR proteins (43) . We suggest that AR, not androgens, in female mice also plays critical roles in maintaining thymic cellularity via modulation of positive selection process to increase thymocyte survival (Fig. 3E) . In summary, all the above evidence support the supposition that targeting AR by ASC-J9®, but not androgens, represents a more promising therapeutic approach to enhance the grafting efficacy for human autologous BMT with much less side-effects and could be very applicable for other androgen/AR-related diseases.
